Low-power reconfigurable optical circuits are highly demanded to satisfy a variety of different applications. Conventional electro-optic and thermo-optic refractive index tuning methods in silicon photonics are not suitable for reconfiguration of optical circuits due to their high static power consumption and volatility. We propose and demonstrate a nonvolatile tuning method by utilizing the reversible phase change property of GST integrated on top of the silicon waveguide.
Introduction
Photonic integration is a development trend for optical systems that are widely used in various optical interconnection and signal processing systems [1] [2] [3] . Similar to the application-specific integrated circuits (ASICs), a photonic integrated circuit can also be designed to satisfy a specific application where a particular function is performed with a fixed optical circuit configuration [4, 5] . Although the performance can be well optimized after multiple rounds of design and fabrication iterations, the lack of versatility makes it impossible to become a general low-cost solution to various price-sensitive applications. Therefore, programmable optical circuits are in high demand for general purposes, where different functions can be provided by simply resetting several key components [6] .
Waveguide refractive index (RI) tuning is the basis for actively tunable devices. In silicon photonics, thermo-optic (TO) and electro-optic (EO) effects are routinely used for RI tuning, but they are both volatile and require a continuous power supply to maintain the states. This leads to large static power consumption, especially for reconfigurable optical circuits, like optical circuit switches [7] and optical signal processors [8, 9] when the optical paths are not frequently changed.
One solution for nonvolatile RI tuning is to integrate phase change material (PCM) with silicon [10, 11] . The PCM has a dramatic change in the optical property after phase transition between amorphous and crystalline states [12] . It is possible to obtain a large RI change of n >1.
Moreover, because of the stable phases, the tuned RI can be kept for a long time without power consumption. This property makes it quite attractive for reconfigurable optical circuits. Ge 2 Sb 2 Te 5 (GST) is a classical chalcogenide alloy in which the phase change can be actuated either by thermal, optical or electrical stimulations potentially with an ultrahigh speed [13] [14] [15] [16] [17] .
In recent years, there has been increased interest in GST for photonic devices. A lot of exciting works have been done in photonic devices for applications targeted for neuromorphic computing, multi-level storage, display, optical switches [18] [19] [20] , and photonic in-memory computing [21] [22] [23] [24] [25] . The optical switch can be based on a multimode interferometer (MMI) loaded with GST and the phase change is enabled by light pulse irradiation from an out-of-plane laser [18] . However, it is quite challenging to apply this method to a large-scale photonic integrated circuit. An integrated all-photonic non-volatile multi-level memory has been demonstrated [24] .
The phase change is induced by pump pulses from an in-plane waveguide. This method improves the integration capability, suitable for all-optical signal processing.
In this work, we investigate nonvolatile optical transmission adjustment in a silicon waveguide integrated with a m-sized GST. The GST is sandwiched between two electrodes made of a highly-doped silicon layer and an ITO layer. The active tuning is realized by applying electrical pulses to the GST to raise the temperature high enough to induce phase change. Using electrical signals to control the optical wave is highly demanded in electrically reconfigurable photonic circuits. Fig. 1(a) shows the entire structure of the device. A regular silicon strip waveguide with a width of 500 nm and a height of 220 nm is inserted with a 1×1 MMI-based waveguide crossing.
Device design and simulation
The MMI has a length of 12 m and a width of 2 m. The waveguides are connected to the MMI through 4-m-long tapers. The MMI crossing serves for two purposes. First, based on the self-imaging principle, the input light will be focused to the center of the MMI with a reduced divergence angle. Therefore, light can go through the MMI crossing with a low insertion loss.
Second, the electrodes are placed on top of the silicon pads that are orthogonally oriented with respect to the waveguide so that optical transmission through the MMI crossing can be electrically controlled.
The inset of Fig. 1(a) shows the detailed structure of the MMI crossing. The P ++ -doped silicon region is overlapped with the GST/ITO stack on top of the MMI crossing. The overlapped region is a circular disk with an area of ×(D GST /2) 2 . Electrical pulses from the P ++doped silicon go through the GST film and arrive at the ITO, causing ohmic heating and therefore inducing phase change. The ITO layer also protects the GST from being oxidized when exposed in the air. The GST/ITO layer thickness is 40 nm/40 nm.
To reset the GST from the crystalline phase to the amorphous phase, the GST is first melted and then quenched rapidly by applying a high-voltage electrical pulse for a short time period.
To set the GST film back to the crystalline state, a medium-voltage electrical pulse is applied to anneal the active region at a temperature between the crystallization temperature and the melting temperature for a time period long enough to crystallize GST. In this way, we are able to switch the material between its amorphous (low absorption) and crystalline (high absorption)
states in a non-volatile manner. Finite-difference time-domain (FDTD) simulations were performed to calculate the light propagation through the MMI crossing. Fig. 1(b) shows the cross-sectional electrical-field intensity (|E| 2 ) distributions in the x-y and y-z planes when the GST is amorphous and crystalline. It reveals a significant reduction in the waveguide transmission when the GST changes from the amorphous state to the crystalline state. 4 The fabricated process flow is described in the Supplementary materials. Fig. 2 shows the overall and magnified images of a typical device after fabrication. The GST sandwiched between the two electrodes has a size of D GST = 1 m. Table 1 summarizes the basic thermal and electrical properties of the materials used in this simulation. We first simulated the GST crystallization process, corresponding to the transmission change from high to low. The simulation indicates that the temperature rises up to 300 °C, when GST is driven by a set pulse with an amplitude of 7 V and a width of 100 ns. It is sufficient to reach the GST crystallization temperature above 250 °C but below the melting point of 650 °C. Fig. 3(a) illustrates the temperature change in response to the electrical pulse in the center of the sandwich stack. Fig. 3 (c) presents the temperature distribution at the falling edge of the electrical pulse. We next initiated the re-amorphization process, where the GST was heated up to the temperature above its melting point. In the simulation, a reset pulse with an amplitude of 6 14 V and a width of 20 ns is applied, which raises the temperature above 700 °C in the GST film. Fig. 3(b) shows the temperature distribution in the re-amorphization process. Fig. 3(d) illustrates the corresponding temperature distribution. 
Experimental results
The experimental setup used for device characterization is described in the supplementary material. Fig. 4(a) shows the transmission spectra for two phase-change cycles (two crystalline states and two amorphous states). The spectra were normalized to a reference straight waveguide. The initial GST was crystalline, presenting a high transmission loss. The reamorphization of GST was then enabled by using a reset pulse. The transmission loss was reduced from 14 dB to 7.5 dB at the 1550 nm wavelength. The heavy-doping induced loss is less than 0.5 dB for the 1-m-long doping region. Since the amorphization of GST only occurs in the overlapped region, the rest part is still crystalline. This causes a higher loss than expected when the GST is amorphized. Further optimization of the overlap structure can reduce excessive loss. The crystallization of GST was achieved by applying a set pulse, and the transmission returned to the initial higher loss state. These processes can be repeated with no significant degradation observed. We define the change in transmission as ΔT = (T am -T cr )/T cr , where T am and T cr are the transmissivities when the GST of the overlapped region is in the completely amorphous and crystalline states, respectively [24] . It can be seen that ΔT is larger than 300% for the 1-m-length GST. In fact, there is a compromise between the transmission loss at the amorphous state (T am ) and the change in transmission (T). As shown in Fig. 4(b) , the 0.5-m-long GST has a lower transmission loss of 1.5 dB but the change in the transmission is also reduced down to 52%. Transmission at the amorphous state and change in transmission between the crystalline and amorphous states for three different GST lengths.
We next investigated the temporal response of the output transmission upon phase change.
The probe light was fixed at 1550 nm. Fig. 5(a) carrier generation, and thermo-optic effects that are all induced by the electrical pulses [18] . For the response with the reset pulse (amorphization process), the transmission change is abrupt after the electrical pulse, resulted from all effects. For the response with the set pulse (crystallization process), two down-stairs were observed. The crystallization process at the first stair was accomplished in 50 ns. The first down-stair represents the phase transition from the amorphous state to the metastable crystalline state with a face-centered cubic structure. The second down-stair represents the phase transition from the metastable crystalline state to the stable crystalline state with a hexagonal structure. Fig. 5(b) shows that the performance of the device is degraded after 1,500 switching cycles.
Our electrically-driven GST element cannot only realize binary switching but is also capable of multi-level switching by controlling the degree of crystallization. and 2) to level 0 by using a set pulse (t 14 , t 19 and t 12 ). We use the color-coded background to mark the difference between the transmissions of any two consecutive levels. These exciting results of our electrically-driven GST-enabled switch demonstrate that both set and reset operations, to and from any intermediate level, are possible with accurate control of the transmission levels and remarkable repeatability, just by applying the appropriate set or reset electrical pulses. The number of levels is mainly limited by the noise of the photodetector.
Further reduction of the crystallization pulse power can give more levels. However, the photodetector noise may make it difficult to distinguish two closely-spaced levels. A low-noise photodetector can help obtain more levels. 
Application in reconfigurable photonic circuits
As shown in the supplementary material, the optical wave suffers a much larger change in amplitude than phase when GST phase change occurs. A new optical phase change material Ge 2 Sb 2 Se 4 Te 1 [27] , which exhibits significantly reduced optical attenuation compared to GST at the 1550 nm wavelength and a remarkable difference in the real part of refractive index (n = 1.5), could be explored in the future work to get a larger optical phase variation with a lower loss. Nevertheless, it is still possible to build a tunable coupler by varying the optical attenuation, although its tuning range is limited compared to the phase tuning coupler. Figure 6 With this resonator-assisted tunable coupler, we conceive a silicon photonic chip that can be reconfigured to various functions, as shown in Fig. 6 (b)-(e). For example, if we keep all GSTs in the crystalline state, the input light from In 1-4 will be modulated and guided to O 1-4 , respectively. It thus forms a parallel single mode (PSM4) transmitter ( Fig. 6(b) ). If we keep all GSTs in the amorphous state, the input light from In 1-4 will be modulated and multiplexed to O 5 . Hence, it becomes a wavelength-division-multiplexer (WDM4) transmitter ( Fig. 6(c) ).
Making use of the microring resonator cross-bar structure, we can achieve passive signal processing functions such as wavelength demultiplexing ( Fig. 6(d) ) and comb filtering ( Fig.   6 (e)). 
Conclusion
We have demonstrated the non-volatile optical transmission control in a GST-clad silicon waveguide. The active region is formed by a stack of P ++ -Si/GST/ITO films. Electrical pulses applied to the stack can repeatedly change the phase state of GST. The static measurement suggests that the device can operate over a bandwidth of more than 100 nm (limited by measurement) and the transmission change can be >300% for 1-m-long GST. The temporal response measurements show that the transmission can be tuned in a controllable and repeatable manner. In particular, multiple intermediate transmission levels can be obtained by partial crystallization of GST. This successful implementation of a tunable silicon waveguide actuated by electrically-driven GST marks a significant step forward in low-power and rewritable optical circuits.
